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PreviewsConnexins and Olfactory
Synchronicity: Toward
the Olfactory Code
A striking example of neuronal synchronization occurs
in the mammalian main olfactory bulb where mitral
cells that project to the same glomerular unit display
highly synchronized spike activity. In this issue of
Neuron, Christie et al. use mice deficient for the gap
junction protein connexin36 (Cx36) to demonstrate
that Cx36-mediated electrical coupling underlies such
synchrony.
Synchronicity: a meaningful coincidence that has a
low probability of being a random or chance event
—C.G. Jung
A key question in understanding the sense of smell is
how the brain constructs representations of the exter-
nal “odor world” based on functional anatomy and neu-
ral computations in populations of nerve cells. Work
that was awarded the 2004 Nobel Prize in Physiology
or Medicine (summarized in Firestein, 2005) led to our
appreciation of a striking topographical order in the pe-
ripheral olfactory system, between the epithelial sheet
of the main olfactory epithelium and the first relay sta-
tion in the olfactory bulb. Axons of thousands of olfac-
tory sensory neurons (OSNs) expressing the same odor
receptor gene converge to a few specific glomeruli in
the olfactory bulb where they synapse onto second or-
der neurons, including mitral cells. This scheme forms
the basis of an anatomical map that underlies the or-
ganization of sensory input onto neural space in the
peripheral olfactory system. Numerous electrophysio-
logical and imaging approaches are being employed to
investigate functional spatiotemporal activity maps
(“odor images”) of odor-induced neuronal activation in
the olfactory bulb of vertebrates (and its equivalent in
insects) and to correlate these odor activity patterns
with the anatomical maps produced by OSN gene ex-
pression and axonal projection patterns (summarized
in Korsching, 2002). Whether the spatiotemporal fea-
tures of neural activity revealed by these approaches
are an essential part of the odor code, i.e., the cru-
cial information that is used by higher-order neurons
to construct a percept and command behavioral re-
sponses, remains a central question in this field. In this
issue of Neuron, a paper resulting from a collaboration
of the Westbrook and Monyer labs (Christie et al., 2005)
generates an important advance, a fresh view, and new
tools to attack the question of how the odorant map is
transformed into a sensory code and promises even
clearer answers in the near future.
It has been known for a while that neurons involved in
the detection and processing of odors show temporallycorrelated or synchronized activity, a feature that is ex-
pected to have functional relevance for understanding
the population code in the olfactory system (Laurent,
2002). A striking example of such correlated activity has
been found in the mammalian main olfactory bulb,
where mitral and tufted cells send an apical dendrite to
receive input from a single glomerulus. By using simul-
taneous current-clamp recordings from pairs of mitral
or tufted cells, it has been shown that pairs that project
to the same glomerulus display highly synchronized
spike activity, whereas pairs projecting to different glo-
meruli do not (Carlson et al., 2000; Schoppa and West-
brook, 2001; Schoppa and Westbrook, 2002; Hayar et
al., 2004). Thus, mitral cells within a glomerular unit can
bind olfactory bulb output information in a temporally
coherent manner. In the present study, Christie et al.
(2005) focused on a molecular mechanism underlying
such synchrony. The authors hypothesized that neuron-
specific connexins, the proteins forming gap junctions,
may be involved in the synchronous firing of mitral
cells. Among the approximately ten connexins ex-
pressed in the mammalian nervous system, connexin36
(Cx36) seems to be the principal neuronal connexin in
the adult (Bennett and Zukin, 2004). Cx36 is also ex-
pressed in olfactory bulb glomeruli and, fortunately,
mice with a targeted deletion of the Cx36 gene have
already been generated (Hormuzdi et al., 2001; Deans
et al., 2001).
Using olfactory bulb slice recordings from Cx36-defi-
cient mice, Christie et al. found a clear loss of corre-
lated spiking in response to injection of depolarizing
current in mitral cell pairs that projected to the same
glomeruli. The anatomy of mitral cell apical dendrites in
the absence of Cx36 appeared normal, ruling out
changes in the projection pattern of mitral cell den-
drites. The authors then directly measured electrical
coupling between pairs of mitral cells projecting to the
same glomerulus and found that mitral cell pairs from
Cx36-deficient mice were not electrically coupled, in
stark contrast to those in slices from wild-type mice.
Hence, mitral cell expression of Cx36 is necessary for
glomerulus-specific electrical coupling as well as corre-
lated spiking.
Ultrastructural analysis using immunogold electron
microscopy verified that the junctions formed by Cx36
are located on distal dendrites of mitral cells in the glo-
merular layer. This is significant because mitral-mitral
cell correlated spiking is glomerulus-specific, and con-
nexins responsible for electrical coupling were thus ex-
pected to be expressed in distal dendrites.
The second important finding of Christie et al. is that
electrical coupling between mitral cell dendritic pairs
projecting to the same glomerulus due to AMPA autore-
ceptor-mediated excitation is also absent in Cx36-defi-
cient mice. It had been shown previously that action
potentials in mitral cells evoke dendritic glutamate re-
lease, which in turn activates excitatory AMPA autore-
ceptors on apical tufts of the same dendrite (Schoppa
and Westbrook, 2002). Activity in neighboring dendrites
could be influenced either by an electrical coupling
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694Hmechanism of such AMPA responses or by glutamate
Espillover. The finding that AMPA autoreceptor re-
Ksponses are still present in mitral cell dendrites but
(cannot be evoked in a neighboring dendrite projecting
Kto the same glomerulus in the Cx36 knockout mouse
Lsupports the argument that this coupling is electrical
Sand depends critically on Cx36.
SInterestingly, Cx36 is not required for all synchronized
1responses in pairs of mitral cells projecting to the same
Zglomerulus. A type of synchronization that occurs on a
much slower time scale can be elicited by application D
of a pharmacological blocker of glutamate uptake
(TBOA), and this synchronized response is not uncou-
pled in the Cx36 knockout mouse. Here, glutamate
spillover seems a good bet for underlying synchroni-
zation.
So how does synchronized firing in mitral cells pro-
jecting to the same glomerulus relate to the olfactory
coding mechanism? Although this question has not yet
been answered, the Cx36 knockout mouse shows great
promise as a molecular tool to address this central
problem. Genetic disruption of electrical coupling be-
tween pairs of mitral cells should now make it possible
to begin to determine whether this manipulation has
functionally relevant consequences for the coding of
olfactory information. Of special interest would be ex-
periments employing natural odor stimuli at physiologi-
cally relevant concentrations to replace current injec-
tion. Equally important would be experiments at the
behavioral level, not unlike those that were used in
mice with targeted deletions in specific olfactory signal
transduction genes (Kelliher et al., 2003). Of course, all
of this is easier said than done. It is clear that expres-
sion of Cx36 is not limited to mitral cells in the olfactory
bulb and occurs also in other parts of the olfactory sys-
tem (such as the main olfactory epithelium and the ac-
cessory olfactory system [Zhang and Restrepo, 2003])
as well as in other parts of the brain. A tissue-specific
knockout mouse may be the answer to circumvent
these problems. Tackling the functional significance of
synchronized firing for odor coding will remain a chal-
lenge that is likely to generate exciting results for years
to come.
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